endothelial cells, presumably accounting for their reduced adhesiveness for monocytes (28) . The protein suppresses differentiation of myeloid progenitor cells and has discrete effects on two monocyte cell lines (29) . Adiponectin reduces the viability of these cells and blocks LPS-induced production of TNF-α. It appears to use the C1qRp receptor on normal macrophages and blocks their ability to phagocytose particles (29) . Intact or cleaved forms of adiponectin cause increased fatty acid oxidation by muscle cells in treated mice (25, 27) . The protein may also induce metabolic changes in hepatocytes (25, 26) .
Fat cells are conspicuous in normal bone marrow and have long been suspected to have an influence on hematopoiesis (30) . Indeed, adipogenesis alters expression of extracellular matrix and cytokines in bone marrow, affecting hematopoiesis both directly and indirectly. Preadipocytes support blood cell formation in culture, and fully differentiated fat cells produce less colony stimulating factor-1 than their precursors do (31) . Hematopoiesis-supportive activity and expression of stem cell factor, IL-6, and leukemia inhibitory factor declined with terminal adipocyte differentiation of an embryo-derived stromal line (32) . The fat cell product leptin promotes osteoblast formation and hematopoiesis while inhibiting adipogenesis (11, 33) . Furthermore, adiponectin was found to block myelopoiesis in clonal assays of hematopoietic cell precursors (29) . All these observations suggest that marrow fat cells and their products may participate in the regulation of blood cell formation, but more information is needed regarding mechanisms. We now report that recombinant adiponectin blocks fat cell formation in complex long-term bone marrow cultures (LTBMCs). This response appears to result from the induction of cyclooxygenase-2 (COX-2) and PGs in preadipocytes.
Methods

Production and characterization of recombinant adiponectin.
Human recombinant adiponectin was prepared as previously described (22) . Briefly, a 693-bp adiponectin cDNA encoding a peptide leader-deficient protein was subcloned into the pET3c expression vector and used to transform host E. coli (strain BL21(DE3)pLysS). Synthesis of recombinant adiponectin was induced by isopropylthio-β-D-galactoside. Bacterial cells were pelleted and suspended in 50 mM Tris-HCl (pH 8.0) for 1 hour and added to Triton X-100 at a final concentration of 0.2%, then sonicated. The suspended buffer was centrifuged and the pellet was then washed with the same solution. The pellet was precipitated and solubilized with 100 mM Tris-HCl (pH 8.0) containing 7 M guanidine HCl and 1% β-mercaptoethanol. The solubilized protein was refolded in the presence of 200 volumes of 2 M urea and 20 mM Tris-HCl (pH 8.0) for 3 days at 4°C. The refolded protein was concentrated by centrifugal filtration and dialyzed with 20 mM TrisHCl (pH 8.0). It was purified by a Tris-HCl (20 mM, pH 7.2) -equilibrated DEAE-5PW ion-exchange high performance liquid chromatography column (Toso Co., Tokyo, Japan) using a linear gradient of NaCl (0-1 M). SDS-PAGE and Western blotting with adiponectin-specific monoclonal antibodies were used to confirm adiponectin purity (see Figure 2) . The distribution of its multimeric forms and their formula weights were examined by gel filtration chromatography using a Superdex 200 HR 10/30 column (Amersham Pharmacia Biotech, Piscataway, New Jersey, USA). Recombinant glutathione S transferase (GST) was also prepared from E. coli and used as a control. The proteins were dialyzed with PBS and used at a concentration of 10 µg/ml in culture. After the cell sonication step, all procedures were performed in endotoxin-free buffers; final endotoxin concentrations were less than 0.07 endotoxin units/ml as checked by Limulus Amebocyte Lysate Pyrogent Plus (BioWhittaker Inc., Walkersville, Maryland, USA).
Reagents. Human insulin was purchased from Roche Diagnostics (Mannheim, Germany). MIBX was purchased from Sigma-Aldrich (St. Louis, Missouri, USA). PGE 2 and Dup-697 were purchased from Cayman Chemical Co. (Ann Arbor, Michigan, USA) and used at a concentration of 1 × 10 -6 M.
Tissue, cells, and mice. Normal human bone marrow was collected by biopsy from the posterior iliac crest of healthy young volunteers with informed consent and used for immunohistochemical analysis of adiponectin. BMS2 and 3T3-L1 cells were maintained in DMEM (high glucose) supplemented with 10% FCS (HyClone Laboratories, Logan, Utah, USA). MS5 cells were maintained in α-MEM medium supplemented with 10% FCS. Balb/c mice (3-6 weeks old) were obtained from Charles River Laboratories (Wilmington, Massachusetts, USA). B6,129S Ptgs2tm1Jed (COX-2 +/-) mice and C57BL/6 mice (3-5 weeks old) were purchased from The Jackson Laboratory (Bar Harbor, Maine, USA). High mortality and unavailability precluded use of homozygous COX-2 -/-animals in these experiments, but a single targeted allele abrogated preadipocyte responses to adiponectin (see Figure 5) .
Adiponectin expression in bone marrow. Expression of adiponectin protein was examined in normal human bone marrow specimens by indirect immunofluorescence methods using the 9108 monoclonal antibody provided by Otsuka Pharmaceutical Co. (Tokushima, Japan) (22) . RT-PCR was used to detect adiponectin transcripts in cDNA prepared from total human bone marrow RNA (CLONTECH Laboratories Inc., Palo Alto, California, USA). The oligonucleotide primers were 5′-TGTTGCTGGGAGCTGTTCTACTG-3′ and 5′-ATGTCTCCCTTAGGACCAATAAG-3′ for adiponectin, and 5′-CCATCCTGCGTCTGGACCTG-3′ and 5′-GTAACAGTC-CGCCTAGAAGC-3′ for β-actin.
LTBMCs. LTBMCs that support formation of myeloid cells (Dexter cultures) were initiated and maintained by published methods (34) . Bone marrow cells of normal Balb/c mice (12 × 10 6 cells) were cultured in 25-cm 2 flasks in 5% CO 2 at 33°C. The medium consisted of α-MEM supplemented with 100 nM hydrocortisone and 20% horse serum (HyClone Laboratories). Cultures were treated with adiponectin or BSA beginning at culture initiation and weekly thereafter for 6 weeks. In some experiments, adiponectin was omitted from the media after 6 weeks of culture, and cultures were maintained for another 6 weeks with medium alone.
RT-PCR. Total RNA was isolated from MS5 or BMS2 cells treated with adiponectin for various periods using TRIzol reagent (Life Technologies Inc., Grand Island, New York, USA) and suspended in diethylpyrocarbonate-treated water. After treating total RNA with DNase (Life Technologies Inc.), cDNA was made using random hexamers and Moloney murine leukemia virus reverse transcriptase (Life Technologies Inc.). For PCR, 10 µl of the reverse transcription mixtures described above were added to PCR buffer containing 1.5 mM MgCl 2 , 1 U Taq polymerase (PE Biosystems, Norwalk, Connecticut, USA), 2 mM each of dNTP, and 200 nM each of relevant sense and antisense primers. The DNA in the PCR reaction mixtures was amplified using 25-35 cycles of 94°C for 1 minute, 55°C for 2 minutes, and 72°C for 3 minutes. The oligonucleotide primers used for these reactions were 5′-GCAAATCCTTGCTGTTCCAAT-3′ (sense) and 5′-GGAGAAGGCTTCCCAGCTTTT-3′ (antisense) for COX-2, and 5′-CCCAGAGTCATGAGTC-GAAGGAG-3′ (sense) and 5′-CAGGCGCATGAG-TACTTCTCGG-3′ (antisense) for COX-1. Primers for TNF-α, TGF-β, IFN-α, IFN-β, IFN-γ, and limitin (35) were also prepared and used in this study.
Northern blot analysis. Poly(A) + mRNA was prepared from the indicated samples using oligo(dT) columns (Ambion Inc., Austin, Texas, USA). Aliquots of poly(A) + mRNA (2 µg) were denatured in formamide and formaldehyde at 65°C and electrophoresed on formaldehyde-containing agarose gels. After capillary transfer to nylon membranes (Micron Separations Inc., Westborough, Massachusetts, USA), the RNA was crosslinked by UV exposure. cDNA probes for CCAAT/enhancer binding protein-α (C/EBP-α) and adipocyte P2 (aP2) were obtained from ResGen (Huntsville, Alabama, USA) and American Type Culture Collection (Manassas, Virginia, USA), respectively. Probes with sizes corresponding to PPAR-γ, COX-1, and COX-2 were prepared using PCR, and all probes were radiolabeled with [α-32 P]dCTP using the random prime labeling system Rediprime II, purchased from Amersham Pharmacia Biotech.
Enzyme immunoassay for PGE 2 . Confluent MS5 or BMS2 cells prepared in 24-well plates were incubated in 500 µl of media with or without adiponectin. Supernatants from these cultures were examined for the presence of PGE 2 using an enzyme immunoassay kit purchased from Cayman Chemical Co.
Adipocyte differentiation. Differentiation of BMS2 cells to adipocytes was achieved by treatment with 5 µg/ml insulin and 0.5 mM MIBX for 10 days. Differentiation of MS5 cells to adipocytes was achieved by treatment with 5 µg/ml insulin alone for 15 days. Cultures were treated with adiponectin, PGE 2 , or Dup-697 from the time of culture initiation. At the end of this period, cultures were photographed and then stained with Nile red to detect lipid accumulation indicative of adipocyte differentiation. The extent of differentiation was estimated by flow cytometry (FACScan; Becton Dickinson and Co., San Jose, California, USA) (35) .
Adherent bone marrow cell cultures. Adherent bone marrow cell cultures were established with heterozygous knockout COX-2 +/-mice or normal C57BL/6 mice. Bone marrow cells were suspended at 2 × 10 5 cells per 6 ml of Dexter culture media and seeded in 25-cm 2 flasks. This cell concentration gives rise to adherent stromal layers without myeloid cell growth. Cultures were treated with adiponectin or BSA at the time of culture initiation and weekly thereafter for 6 weeks.
Results
Adiponectin inhibits fat cell formation in LTBMCs.
Adult bone marrow, like fetal and neonatal tissues, contains brown fat (30) . Adiponectin was originally discovered as a product of subcutaneous white fat, and we used RT-PCR to determine whether it is also expressed in adult bone marrow. The adiponectin-specific primers yielded an amplification product from normal adult marrow cDNA (Figure 1a) . We confirmed the specificity of amplification by sequencing the PCR product (data not shown). We also used an adiponectin-specific monoclonal antibody to determine whether the protein is present in human bone marrow (Figure 1b) . Specific staining was found to be associated with the abundant fat cells in that tissue.
Monomeric recombinant adiponectin has an apparent molecular mass of 32 kDa (ref. 22 and Figure 2a) . We observed additional 64-kDa and faint 96-kDa bands on SDS-PAGE gels under nonreducing conditions, corresponding to dimers and trimers of adiponectin, respectively. No bands were detected above the 102-kDa marker. The 64-kDa and 96-kDa bands disappeared under reducing conditions, and only the 32-kDa band remained (Figure 2a ). Adiponectin-specific monoclonal antibodies recognized all bands in both conditions by Western blotting (data not shown). Although multimeric structures larger than trimers were not detected by SDS-PAGE, gel filtration chromatography showed a wide distribution of recombinant adiponectin with formula weights exceeding trimers (Figure 2b ). This multimeric character was consistent with native adiponectin in human plasma (22) , as well as native or recombinant ACRP30, the murine homologue of adiponectin (15, 27) .
To determine whether adiponectin influences blood cell formation, we established LTBMCs with and without this factor. We chose Dexter culture conditions, where adipocytes are typically conspicuous in the adherent layer. While no influence on myelopoiesis was found, inclusion of adiponectin in the medium completely inhibited fat cell formation (Figure 2c) . The negative influence of this protein was reversible, and normal numbers of adipocytes were generated when the protein was removed. Additional studies were conducted to determine what cell types were influenced by adiponectin and to explore potential regulatory mechanisms.
Bone marrow cultures represent a complex mixture of hematopoietic cells that mature through interactions with an adherent stromal layer composed of fibroblasts, adipocytes, macrophages, and endothelial cells (34) . Preliminary experiments with three preadipocyte cell lines suggested that preadipocytes could be one target of adiponectin in the bone marrow cultures. The 3T3-L1 cell line rapidly generated adipocytes when insulin was added as an adipogenesis-inducing agent, and this response was only slightly inhibited by adiponectin. However, substantial suppression was found with MS5 and BMS2 clones (see below). These experiments demonstrate that preadipocytes can be a direct target of this fat cell product.
Adiponectin induces COX-2 and PGE 2 synthesis. TNF-α, TGF-β, IFNs, and PGE 2 are fat cell products previously shown to inhibit fat cell formation. Thus, we screened for their induction in adiponectin-treated preadipocytes by RT-PCR analysis. Transcripts corresponding to TNF-α or IFN-γ were not detectable in MS5 cells, even when adiponectin was added to the cultures (data not shown). Basal expression of TGF-β, IFN-α and -β, and a newly described IFN-like cytokine designated limitin
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The (36) was detectable by RT-PCR, but this expression was not obviously influenced by adiponectin (data not shown). In contrast, we consistently found that transcripts for COX-2 but not COX-1 were upregulated by adiponectin treatment of either MS5 or BMS2 stromal cell clones (data not shown). We confirmed these observations by Northern blot analysis (Figure 3a) . PGE 2 is known to inhibit adipogenesis and is a substance that depends on COX-2 for its production (37, 38). Therefore, BMS2 or MS5 cells were allowed to come to confluence before addition of either adiponectin or BSA (Figure 3b ). PGE 2 concentrations in the supernatants of these cultures were evaluated by ELISA at the indicated times. Adiponectin consistently caused approximately twofold increases in PGE 2 secretion. Thus, PG synthesis represents a potential mechanism for inhibition of adipogenesis by adiponectin.
Responses of preadipocytes to adiponectin require COX-2. We then used two experimental approaches to assess the importance of COX-2 for the inhibition of fat cell formation by adiponectin. BMS2 cells were cultured with MIBX and insulin to induce strong fat cell formation, and this response was blocked as expected by inclusion of PGE 2 in the medium (Figure 4a ). Adiponectin also blocked adipogenesis, whereas a control GST fusion protein had no influence. The inhibition by adiponectin was not observed when the specific COX-2 inhibitor Dup-697 was present (Figure 4a ). Inclusion of Dup-697 alone had no influence on fat cell formation (not shown). While accumulation of visible fat droplets was blocked by either PGE 2 or adiponectin, the combination of insulin and MIBX still caused a morphological change in adherent layers relative to those in cultures with medium alone (Figure 4a ). Flow cytometry and Nile red staining of the same cultures was therefore used to extend the microscopic analysis (Figure 4b ). Lipid accumulation induced by insulin and MIBX was completely blocked by either PGE 2 or adiponectin. The response to adiponectin was substantially blocked by inclusion of the COX-2 inhibitor. Adipocyte gene expression analysis confirmed the cell morphology and lipid accumulation findings (Figure 4c ). C/EBP-α and PPAR-γ, two transcription factors crucial for adipogenesis, were only weakly expressed in BMS2 preadipocytes, but were intensely induced by insulin and MIBX. Either PGE 2 or adiponectin strongly inhibited these increases, and Dup-697 again abrogated the induction by adiponectin. The results were very similar with respect to transcripts for the adipocyte-selective fatty acid-binding protein aP2.
Adherent bone marrow cell cultures were then prepared with wild-type or heterozygous knockout COX-2 +/-mice under conditions that favored the formation of numerous fat cells (see Methods). While adiponectin blocked adipogenesis in cultures of normal C57BL/6 bone marrow cells (data not shown), there was minimum effect on cells derived from COX-2 +/-animals (Figure 5) . These results provide strong evidence that adiponectin directly blocks formation of adipocytes from fat cell precursors through a mechanism that requires induction of COX-2.
Discussion
The fat cell product known as adiponectin, Acrp30, adipoQ, or GBP28 is attracting interest because of its potential involvement in obesity, diabetes, and cardiovascular diseases. It was originally discovered in human subcutaneous fat tissue, in plasma, and in murine adipocyte lines, but our understanding of its normal distribution and biological activities is incomplete. We now show that adiponectin is present within normal bone marrow and can inhibit fat cell formation by marrow-derived stromal cells through a COX-2-dependent mechanism. These findings suggest a new mechanism for regulation of preadipocyte differentiation and possible roles for fat in hematopoietic tissue.
It is important to stress that all of these experiments were conducted with two batches of recombinant adiponectin that were produced by expression in E. coli and then subjected to protein refolding (see Methods). A monoclonal adiponectin-specific antibody neutralized the biological activity (data not shown), and no responses were recorded using recombinant GST fusion protein prepared from E. coli. The native protein has a complex, multimeric structure, and some groups have found that biological activity is improved by cleavage of E. coli-produced material, or by expression in mammalian cells (26, 27) . On the other hand, there is one report that glucose and fatty acid levels in plasma were reduced by both full-length and cleaved material that was produced in bacteria (25) . We found that 10 µg/ml concentrations of our recombinant adiponectin inhibited fat cell formation, and these amounts correspond to reported physiological levels (22) . Our preparations contained multiple species that ranged in size from 34 kDa to 500 kDa (Figure 2b) , so it is possible that particular sizeseparated fractions would be especially active.
Adipocytes are increasingly regarded as participants in endocrine processes, producing substances that range from hormones to cytokines (39) . Of particular interest are feedback mechanisms through which fat cell products inhibit adipogenesis. Adipocyte products known to have either direct or indirect inhibitory potential on adipose tissue include leptin, PAI-1, IFNs, TNF-α, TGF-β, and PGE 2 (11) (12) (13) (14) . Additional substances are thought to influence such diverse processes as energy metabolism, immune responses, blood circulation, and reproduction (14) . We now describe another fat cell product with the potential to inhibit fat cell differentiation.
Active hematopoietic marrow is progressively replaced by fat as part of normal aging (30) . Adiponectin was detected in marrow adipocytes by immunostaining, and a high local concentration would presumably be able to prevent further fat cell formation. However, we do not know if it is actively secreted in that site or indeed how its release is controlled in other tissues. Animal studies show that fat cells are required to produce adiponectin, but do not explain why plasma levels are reduced in obese individuals (25) .
Our data indicate that the COX-2-dependent prostanoid pathway is important for the suppressive activity of adiponectin on fat cell formation. The response of preadipocytes from COX-2 +/-mice to adiponectin was negligible. Poor viability of homozygous COX-2 -/-mice precluded their use in our experiments, and adiponectin unresponsiveness of the heterozygotes suggests a substantial gene dose effect. Furthermore, a COX-2 inhibitory compound blocked the inhibition of fat cell formation in cultures of cloned preadipocytes. COX-2 is induced in response to proinflammatory cytokines or hormones, and is a ratelimiting enzyme in the biosynthesis of PGs. It mediates the conversion of arachidonic acid into PGH 2 , which is subsequently converted to various kinds of PGs by specific synthases (38) . PGs appear to contribute to fat cell formation in complex ways. For example, PGE 2 and prostacyclin (PGI 2 ), the two major PGs synthesized by fat cells (10, 40) , appear to have
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The opposing actions on adipogenesis. PGE 2 was shown to negatively regulate fat cell development by reducing cAMP production (37) . Conversely, PGI 2 is proposed as an adipogenic agonist (41) . Our data confirm the inhibitory effect of PGE 2 on marrow fat cell differentiation, and further suggest an important contribution to the inhibitory influence adiponectin has on adipogenesis. Other PGs that influence fat cell development include PGJ 2, an important ligand for the adipogenic transcription factor PPAR-γ. This PG promotes adipocyte differentiation (4, 5) . In contrast, PGF 2α inhibits the adipogenic differentiation of 3T3-L1 cells (42) . Again, PGs with opposing actions are synthesized from PGH 2 , a COX-2 product. In our hands, the 3T3-L1 line generated fat cells in standard culture medium where insulin was the only inducing agent, and this differentiation was minimally affected by addition of either adiponectin or PGE 2 (data not shown). Comparison of 3T3-L1 cells to adiponectinsensitive preadipocytes should be informative about inducible genes and could reveal functional heterogeneity among fat cells in normal tissues. Two other adipocyte products, agouti and angiotensin II (AGT II), are known to contribute to obesity (43, 44) . Agouti induces fatty acid and triglyceride synthesis in cultured adipocytes in a calcium influx-dependent manner (45) . AGT II expression is nutritionally regulated, increasing with high-fat diet and fatty acids concomitant with fat mass (46) . Adiponectin expression is also affected by diet, but the direction is contrary to that of AGT II (25) . AGT II promotes adipocyte differentiation by stimulating release of PGI 2 from mature adipocytes (41) . Thus, PG synthesis appears to play an indispensable role in paracrine actions of adipocyte products on fat cell differentiation.
There are very interesting parallels and functional relationships between adiponectin and TNF-α. The three-dimensional structure of the C-terminal globular domain of adiponectin is strikingly similar to that of TNF-α (19) . Both molecules are secreted from fat cells, and both directly inhibit fat cell development. However, their physiological levels and actions can be quite different. Plasma levels of adiponectin decrease in obese individuals, while concentrations of TNF-α are reported to increase and may contribute to insulin resistance and diabetes (8) . In contrast, two recent reports suggest that adiponectin may be useful for treatment of type II diabetes (25, 26) . Adiponectin inhibits TNF-α production in macrophages (29) , while TNF-α suppresses adiponectin expression in adipocytes (20) . TNF-α stimulates NF-κB signaling in aortic endothelial cells, leading to increased expression of adhesion molecules, but adiponectin inhibits this process (28) . Therefore, two structurally similar proteins appear to have opposing functions, and defects in this delicate balance may result in susceptibility to obesity-related diseases.
Much work remains to establish the importance of adiponectin to normal, steady-state, and disease processes. Brown fat cells that reside in bone marrow are potential sources of PGs, sex steroids, and cytokines that could have a major influence on lymphohematopoiesis. It is interesting that while adiponectin inhibits differentiation of isolated macrophage progenitors in clonal assays (29) , it does not block myelopoiesis in LTBMCs. On the other hand, B lymphopoiesis in complex cultures is blocked by adiponectin through a stromal cell PG-dependent mechanism (unpublished observations). These findings raise interesting questions about functional relationships between preadipocyte stromal cells, adipocytes, and lymphohematopoietic progenitor cells within bone marrow.
It will also be important to learn whether white fat located in nonhematopoietic tissues produces PGs in direct response to adiponectin. It was recently reported that fragments of murine adiponectin decreased body weights when injected into mice on high-fat, high-calorie diets (27) . The response was thought to involve increased fatty acid oxidation in muscle, resulting in the reduction of plasma fatty acid levels. Our experiments focused on bone marrow-derived preadipocytes and showed that they are direct adiponectin targets. Studies are underway to determine if lipid accumulation decreases in well-differentiated marrow fat cells following exposure to this substance.
Stem cells of various kinds are being extensively studied because of their potential for repairing adult tissues. Some cloned preadipocyte lines derived from bone marrow have been termed mesenchymal stem cells because of their extensive self-renewal capacity and ability to generate multiple cell types (1). Paracrine factors such as adiponectin that are made by differentiated stromal cells may contribute to properties that can be harnessed for therapeutic applications. Our findings should stimulate additional investigation of adiponectin activities and responsive cell types.
